Over 30 years ago, GGDEF domain-containing enzymes were shown to be diguanylate cyclases that produce cyclic di-GMP (cdiG), a second messenger that modulates the key bacterial lifestyle transition from a motile to sessile biofilm-forming state. Since then, the ubiquity of genes encoding GGDEF proteins in bacterial genomes has established the dominance of cdiG signaling in bacteria. However, the observation that proteobacteria encode a large number of GGDEF proteins, nearing 1% of coding sequences in some cases, raises the question of why bacteria need so many GGDEF enzymes. In this study, we reveal that a subfamily of GGDEF enzymes synthesizes the asymmetric signaling molecule cyclic AMP-GMP (cAG or 3′, 3′-cGAMP). This discovery is unexpected because GGDEF enzymes function as symmetric homodimers, with each monomer binding to one substrate NTP. Detailed analysis of the enzyme from Geobacter sulfurreducens showed it is a dinucleotide cyclase capable of switching the major cyclic dinucleotide (CDN) produced based on ATP-to-GTP ratios. We then establish through bioinformatics and activity assays that hybrid CDN-producing and promiscuous substrate-binding (Hypr) GGDEF enzymes are found in other deltaproteobacteria. Finally, we validated the predictive power of our analysis by showing that cAG is present in surface-grown Myxococcus xanthus. This study reveals that GGDEF enzymes make alternative cyclic dinucleotides to cdiG and expands the role of this widely distributed enzyme family to include regulation of cAG signaling.
Over 30 years ago, GGDEF domain-containing enzymes were shown to be diguanylate cyclases that produce cyclic di-GMP (cdiG), a second messenger that modulates the key bacterial lifestyle transition from a motile to sessile biofilm-forming state. Since then, the ubiquity of genes encoding GGDEF proteins in bacterial genomes has established the dominance of cdiG signaling in bacteria. However, the observation that proteobacteria encode a large number of GGDEF proteins, nearing 1% of coding sequences in some cases, raises the question of why bacteria need so many GGDEF enzymes. In this study, we reveal that a subfamily of GGDEF enzymes synthesizes the asymmetric signaling molecule cyclic AMP-GMP (cAG or 3′, 3′-cGAMP). This discovery is unexpected because GGDEF enzymes function as symmetric homodimers, with each monomer binding to one substrate NTP. Detailed analysis of the enzyme from Geobacter sulfurreducens showed it is a dinucleotide cyclase capable of switching the major cyclic dinucleotide (CDN) produced based on ATP-to-GTP ratios. We then establish through bioinformatics and activity assays that hybrid CDN-producing and promiscuous substrate-binding (Hypr) GGDEF enzymes are found in other deltaproteobacteria. Finally, we validated the predictive power of our analysis by showing that cAG is present in surface-grown Myxococcus xanthus. This study reveals that GGDEF enzymes make alternative cyclic dinucleotides to cdiG and expands the role of this widely distributed enzyme family to include regulation of cAG signaling.
bacterial signaling | surface sensing | second messengers | cyclic dinucleotides | fluorescent biosensor F our cyclic dinucleotides (CDNs) have been discovered to date and are found primarily in bacteria, although recent examples in eukaryotes have further raised the profile of this class of signaling molecules (1) (2) (3) (4) (5) . Cyclic di-GMP (cdiG), which has been studied for over 30 years, is the most well-characterized CDN and is primarily associated with the transition from the motile planktonic to sessile biofilm-forming bacterial lifestyles (1, 2, 6) . It was first discovered by Benziman and colleagues as a regulator of cellulose synthase in Gluconacetobacter xylinus (6) . Synthesis of cdiG was later associated with the GGDEF domain (7, 8) , which is found in 75% of bacterial species (9) and is named after five consecutive amino acids conserved in the catalytic domain. On the other hand, cyclic AMP-GMP (cAG or 3′, 3′-cGAMP) was first discovered as the product of the enzyme DncV in the El Tor strain of Vibrio cholerae (10) . It is a regulator of V. cholerae motility and intestinal colonization in mammalian hosts. Other CDNs include cyclic di-AMP (cdiA), which is involved in bacterial cell wall homeostasis and sporulation (3, 11) , and 2′, 3′-cyclic AMP-GMP, which is involved in the mammalian innate immune response (12) (13) (14) (15) (16) .
We and others recently discovered that Geobacter, a genus of deltaproteobacteria, use cAG-sensing riboswitches to regulate genes associated with extracellular electron transfer (17, 18) , an extraordinary activity that involves bacterial colonization on metal oxide surfaces (19) . We further showed that Geobacter sulfurreducens produces cAG (17) , but the synthase enzyme remained a mystery. Geobacter genomes have no homologs to the cAG synthases DncV or cGAS, which harbor oligoadenylate synthase (OAS)-like domains and produce structurally distinct isomers of cAG (3′, 3′-cGAMP and 2′, 3′-cGAMP, respectively) (12) (13) (14) 20) . However, the cAG-sensing riboswitches in Geobacter gained function via adapting the ligand binding pocket of GEMM-I riboswitches, which typically bind cdiG (21) . Thus, we considered that cAG signaling may have evolved in Geobacter by co-opting components from the cdiG signaling pathway.
The G. sulfurreducens genome encodes 29 GGDEF domaincontaining enzymes that are assigned as diguanylate cyclases (DGCs) (SI Appendix, Fig. S1 ). These enzymes comprise nearly 1% of the coding sequences. In contrast, there are two predicted DAC domains, which are assigned as diadenylate cyclases. Whereas the existence of GGDEF domains in a genome is considered sufficient proof for cdiG signaling and has been used to establish the presence of cdiG signaling in the greater majority of sequenced bacterial species (9), the redundancy of GGDEF enzymes could have permitted at least one of these enzymes to evolve new functions. This led us to hypothesize that one or more GGDEF domains had gained cAG synthase activity.
To test this hypothesis, an in vivo flow cytometry screen of all 29 GGDEF enzymes was performed using fluorescent riboswitchbased biosensors that respond selectively to cdiG or cAG (Fig. 1A ) (17, 22) . We posited that overexpression may drive dimerization of the GGDEF protein, thus enabling enzymatic activity to be assayed even in the absence of activating signal. Sixteen enzymes exhibited significant fluorescence turn-on with the cdiG biosensor Significance Cyclic di-GMP (cdiG) is an important bacterial signaling molecule because it regulates motility and affects surface colonization and biofilm formation. It has long been established that cdiG is made by GGDEF enzymes, which are named after five conserved amino acids in the catalytic domain. However, a major group of bacteria, proteobacteria, have a high abundance of these enzymes, which raises the possibility that some of these enzymes have alternate functions. This study details the discovery of GGDEF enzymes that can also make cyclic AMP-GMP (cAG), a recently identified signaling molecule that regulates surface sensing and attachment in pathogenic and environmental bacteria. This provides the first evidence to our knowledge that GGDEF enzymes can make alternative cyclic dinucleotides to cdiG and that cAG is more widespread in proteobacteria.
and little to no turn-on with the cAG biosensor, in line with the results for WspR, a well-characterized diguanylate cyclase (23, 24) . Twelve others exhibited little to no turn-on with both biosensors, indicating that these enzymes were not functional or were poorly expressed under the assay conditions in a heterologous host. However, the GGDEF enzyme encoded by the gene GSU1658 displayed a markedly different signal profile, namely significant fluorescence turn-on with the cAG biosensor and little turn-on with the cdiG biosensor. Similar results were observed for DncV, the cAG synthase from V. cholerae, although DncV and GSU1658 share no sequence homology.
To validate the results of the biosensor screen, we performed cell extract analysis of Escherichia coli expressing the candidate cAG synthase GSU1658, a candidate diguanylate cyclase GSU1656, or empty plasmid. LC-MS and MS/MS data showed that E. coli do not inherently produce cAG, but overexpression of GSU1658 leads to high cAG levels ( Fig. 1B and SI Appendix, Fig. S2 ). Furthermore, this activity requires an active GGDEF domain, as no cAG was observed with the GLDEF mutant of GSU1658. In contrast, overexpression of GSU1656 leads to high cdiG levels, but no cAG. Together with the in vivo screening results, these data reveal GSU1658 as a GGDEF enzyme with unprecedented cAG synthase activity.
The cAG synthase DncV has a monomeric protein fold and a single active site with individual binding sites for ATP and GTP (25) . Diguanylate cyclases, on the other hand, possess a C2-symmetric active site formed by the homodimeric association of two GGDEF domains, with one GTP bound per monomer (24, 26) . To demonstrate that GSU1658 self-associates, we coexpressed C-terminal His-and HA-tagged monomers and showed that pulldowns with the His tag isolated the HA-tagged monomer (SI Appendix, Fig. S3 ). However, we could not measure a relevant dimerization constant because the wild-type protein is isolated as an auto-inhibited form with cyclic dinucleotide tightly bound to an inhibitory binding site (I-site) in the GGDEF domain (26, 27) (SI Appendix, Figs. S4 and S5 ). This form is inactive and appears to be mostly monomeric by size-exclusion chromatography (SI Appendix, Fig. S4 ), which is similar to observations for PleD, a classic diguanylate cyclase whose domain architecture resembles that of GSU1658 (26, 28) . Both enzymes contain a response regulator receiver (Rec) domain before the GGDEF domain (29) , as well as an I-site (26, 27) . We identified and confirmed the I-site in GSU1658 by purifying the I-site mutant R393A, which did not coelute with bound cyclic dinucleotides (SI Appendix, Figs. S4 and S5). Unfortunately, the I-site mutant was largely insoluble, even with addition of a maltose-binding protein (MBP) tag, as it forms higher order aggregates at low micromolar concentrations in vitro, as observed by size exclusion chromatography and isothermal calorimetry experiments (SI Appendix, Figs. S3 and S4). This aggregation phenomenon may be due to misfolding of the R393A variant under in vitro conditions or may be naturally involved in synthase activity, as oligomerization of the diguanylate cyclase WspR has been observed in Pseudomonas aeruginosa to activate enzyme activity (30) . In the latter case, WspR oligomerization is controlled by the phosphorylation status of the Rec domain, as opposed to changes in protein expression level. Prior transcriptional profiling of G. sulfurreducens grown under diverse conditions (biofilm, electrode, fumarate/acetate, fumarate/ferric citrate) showed that GSU1658 is constitutively expressed (31), so activation of enzyme dimerization or oligomerization likely occurs through the Rec domain as well.
Absence of product bound at the I-site is expected to relieve autoinhibition of the enzyme. To assay GSU1658 activity in vitro, we incubated the enzyme with ATP and GTP doped with trace radiolabeled ATP or GTP and identified the CDNs produced via TLC. This assay allows newly synthesized CDNs to be distinguished from prebound ones. All GGDEF enzymes were analyzed at micromolar concentrations to favor active dimer or oligomer formation. As expected, the CDN-bound WT GSU1658 was less active in vitro than the R393A I-site mutant ( Fig. 2A) . Unexpectedly, however, both the WT and R393A mutant produced significant levels of cdiA and cdiG in addition to cAG. This finding contradicts the cell lysate data in which cAG was the predominant product. Closer inspection of the biosensor and cell lysate results for WT GSU1658, however, did reveal an increase in cdiG signal, albeit at lower levels than observed in vitro. We realized this product distribution can be explained by the homodimeric structure of the enzyme, if each of the two identical substratebinding sites are able to recognize both ATP and GTP. Because R393A and WT GSU1658 had similar cell lysate profiles, we concluded that the I-site mutation has no effect on product ratios (SI Appendix, Fig. S6 ). Because we do not know the native oligomeric state of activated WT GSU1658, we cannot rule out that oligomerization affects product distribution.
The discrepancy between in vivo and in vitro results is likely due to two major factors. First, because cdiG is found naturally in E. coli, cdiG-specific phosphodiesterases exist for its breakdown (32) . The presence of these phosphodiesterases, and the absence of cdiA-or cAG-specific phosphodiesterases, could have led to the lower observed levels of cdiG in the cell lysate. The enzyme TBD1265, for instance, is a canonical EAL domain-containing phosphodiesterase that is 33-fold more selective for cdiG over cAG, with no activity toward cdiA hydrolysis (33) . Furthermore, of the 28 HD-GYP and EAL proteins in V. cholera El Tor, only three HD-GYP enzymes showed cleavage activity for cAG (34) .
Second, the in vitro assays were carried out with 1:1 ATP to GTP, but in cells, ATP is usually found in excess relative to GTP. To examine this effect, we incubated R393A GSU1658 with different ratios of ATP to GTP. As we increased ATP relative to GTP, the product ratio skewed toward cAG and cdiA relative to cdiG ( Fig. 2 B and C and SI Appendix, Fig. S7 ). The heterodimeric product, cAG, appeared to be the major product at ATP-to-GTP ratios between 3:1 and 5:1, in accordance with the measured physiological ranges for enterobacteria (between 2:1 and 3:1) (35, 36) . Furthermore, it should be noted that published ratios are for total cellular ATP and GTP, whereas the pool of free GTP is likely lower. Taken together, these results reveal that we have discovered a GGDEF enzyme with dinucleotide synthase activity that produces different CDNs depending on the ratio of ATP to GTP.
We analyzed several features of GSU1658 by mutational analysis. Phosphorylation of the Rec domain is known to activate homodimer formation of canonical GGDEF enzymes such as PleD (26, 28) ; however, treatment of GSU1658 with BeF 3 − , a known phosphomimic compound used to study Rec domains (37) , resulted in protein precipitation. Phosphorylation site knock-out (D52A) and mimic (D52E) mutations of GSU1658 in the I-site mutant background had little to no effect on overall enzyme activity (Fig. 3A) , and the D52E mutation had little to no effect on product ratios (SI Appendix, Fig. S8 ). These mutations may not adequately recapitulate the phosphorylated state of the Rec domain in GSU1658 nor the interactions with the cognate histidine kinase, which has not yet been identified.
Sequence alignment and analysis of the X-ray crystal structure of PleD (26) revealed that GSU1658 may harbor a Ser residue (S347) in place of the Asp residue (D344) that interacts with the nucleobase of the GTP substrate ( Fig. 3B and SI Appendix, Fig.  S9 ). The ability of the side chain hydroxyl to serve as either hydrogen bond donor or acceptor could allow both GTP and ATP to serve as substrates (SI Appendix, Fig. S9 ). Thus, we analyzed mutations at this position in the substrate binding pocket of GSU1658 in the I-site mutant background.
Interestingly, the S347A mutant maintained dinucleotide cyclase activity (Fig. 3A and SI Appendix, Fig. S10 ), so the Ser side chain is not strictly necessary for recognition of ATP or GTP. However, the S347D mutant only makes cdiG, so the Asp side chain restores specificity for GTP. The majority (99%) of annotated GGDEF enzymes harbor an Asp at this position, as do the canonical diguanylate cyclases PleD and WspR.
Other natural variant residues identified by bioinformatics analysis were analyzed by TLC or cell lysate experiments (Fig. 3A and SI Appendix, Fig. S10 ). In support of our model for side chainnucleobase interactions, the S347N mutant makes cdiG and the S347T mutant makes all three bacterial CDNs (Fig. 3A and SI Appendix, Figs. S10 and S11). These data confirm that this position strongly influences recognition of ATP or GTP. However, the protein background also appears important, as the inverse D344S mutant of PleD was inactive (SI Appendix, Fig. S12 ), rather than making all three CDNs as predicted. Likewise, the inverse D-to-S mutations of several Geobacter diguanylate cyclases (GSU1400, GSU2313, and GSU2534) resulted in enzyme inactivation, whereas the GSU3350 mutant retained diguanylate cyclase activity (SI Appendix, Fig. S13 ). The inability of these inverse mutations to generate a cAG synthase may be due to Ser having a shorter side chain than Asp, so these diguanylate cyclases may not bring the residue in close enough proximity to engage with the substrate. The binding pocket of GSU1658 appears to be more plastic, as it remains active while accommodating both larger (S347D) and smaller (S347A) residues.
We further found that replacing the full GGDEF domain of PleD with the one from GSU1658 generates a functional dinucleotide cyclase (SI Appendix, Fig. S12 ). However, the ratio of cdiG to cAG produced by the protein chimera is higher than for GSU1658, which suggests that the difference in conformation between the chimeric and natural homodimers may influence product ratios. Thus, we have identified that a natural amino acid variation in GGDEF domains can change the specificity of the enzyme and showed that features outside of the GGDEF domain also affect product ratios.
Whereas previous GGDEF enzymes were uniformly assigned as DGCs if they have the active motif [G/A/S]G[D/E]E[F/Y] (2)
, our results reveal that GGDEF enzymes are a family of dinucleotide cyclases, in which DGCs are the major subfamily. GSU1658 is the founding member of a distinct subfamily of GGDEF enzymes that make hybrid CDNs and are promiscuous for ATP and GTP substrates. Thus, we propose that this newfound subfamily be called hybrid, promiscuous (Hypr) GGDEF enzymes, and that GSU1658 be renamed HyprA.
To survey this newfound Hypr subfamily, we performed a bioinformatics analysis of 32,587 predicted active GGDEF enzymes to identify sequences that harbor the D-to-S or D-to-T variation at the specificity position (SI Appendix, Table S1 ). These two variants, which we predict give rise to Hypr activity, are rare and comprise only 0.17% of all GGDEF domains. All sequenced Geobacter and Pelobacter species have at least one Hypr enzyme (SI Appendix, Fig. S9 ) and have riboswitch effectors that regulate genes in response to cAG (17, 18) . A second Hypr is predicted in G. sulfurreducens, but GSU1937 was not active in the biosensor-based screen (Fig. 1A) . This protein has a predicted transmembrane HAMP domain, so it likely requires membrane insertion for activity and was inactive when expressed heterologously.
Intriguingly, bacteria that do not harbor cAG-selective riboswitches also appear to encode candidate Hypr enzymes in their genomes (SI Appendix, Table S1 ). For example, Myxococcus xanthus, a social bacterium that serves as a model for studying group behavior (38) and cell-cell communication (39) , harbors one protein homologous to HyprA (MXAN_4463) and another protein with a GAF sensory domain preceding the Hypr GGDEF catalytic domain (MXAN_2643, renamed HyprB). Bd0367 (also called DgcA) from Bdellovibrio bacteriovorus, an intracellular pathogen of other bacteria described as a "living antibiotic," has a similar Rec-GGDEF architecture to HyprA and has been shown to regulate gliding motility and prey escape, a phenotype distinct from those controlled by the other three GGDEF enzymes (40) .
These three and other candidate Hypr enzymes were cloned into E. coli and analyzed by cell extraction followed by LC-MS. In all tested cases that expressed well (SI Appendix, Fig. S14) , we observed the production of cAG, although to varying levels (Fig.  4) . In contrast, overexpression of PleD or WspR, two wellcharacterized diguanylate cyclase GGDEFs, led to production of cdiG only. The cAG-to-cdiG ratios are different between Hypr enzymes, which reinforces that the Ser specificity residue is not the sole determinant of product ratios. The majority of the Hypr enzymes we tested preferentially make cAG under in vivo conditions in which ATP is in excess. Furthermore, we recapitulated that I-site mutants of the M. xanthus and B. bacteriovorus HyprA enzymes produce cAG in vitro in a similar fashion to GSU1658 at 1:1 ATP-to-GTP ratios (SI Appendix, Fig. S14 ).
Our biochemical validation of cAG synthase activity for diverse Hypr GGDEFs strongly predicted that cAG was an endogenous signaling molecule in these other organisms. We initially found cdiG but not cAG in cell extracts of wild-type M. xanthus cultured in solution. However, based on the involvement of cAG signaling in processes related to surface sensing (intestinal colonization for V. cholerae and extracellular electron transfer for Geobacter), we hypothesized that cAG was similarly associated with M. xanthus growth on solid surfaces. Lysis conditions first required optimization to account for higher exopolysaccharide (EPS) content in surface-grown cells, which otherwise impeded successful extraction of all cyclic dinucleotides. This method was used to analyze cyclic dinucleotide content of M. xanthus grown in solution versus on 1.5% agar and revealed that cAG is produced at higher levels upon surface growth (Fig. 4 and SI Appendix, Fig. S15 ). Positive identification of cAG was confirmed by multiple methods, including comparison of HRMS and tandem MS/MS spectra and S1 nuclease digestion profile to synthetic standards (SI Appendix, Figs. S15-S17).
These results provide the first evidence to our knowledge for cAG signaling in myxobacteria and are in line with the conservation of HyprA and HyprB across all Myxococcales species. In particular, we showed that cAG levels are modulated by solution versus solid growth conditions. This correlates with a proposed role in surface sensing, which provides an advanced starting point for future phenotypic analysis and efforts to discover other components in the putative cAG signaling pathway. Taken together, our results reveal that Hypr activity is more widespread in bacteria than the distribution of cAG riboswitches, expanding the potential scope of cAG signaling (Fig. 5) .
In searching for the enzyme responsible for cAG synthesis in Geobacter, we discovered a subfamily of homodimeric GGDEF proteins that have the capacity to produce all three bacterial cyclic dinucleotides, which we term Hypr GGDEFs. An efficient and selective in vivo fluorescent biosensor assay enabled the discovery of this previously unidentified activity, highlighting RNA-based biosensors as an attractive technology platform for enzyme screening. Alternative screening strategies such as fractionation (15, 16) , in vitro enzyme screening (41), or a phenotype-based assay in the native organism (42) are relatively more time and resource intensive. The in vivo biosensor assay is particularly useful for signal transduction enzymes that are activated by dimerization, because this can be mimicked by overexpression in a heterologous host.
Unlike the other cAG synthases, DncV and cGAS, which have individual binding sites for ATP and GTP, Hypr GGDEFs have two symmetrical binding sites that accommodate either ATP or GTP as substrates. Notably, both DncV and cGAS display weak activity for synthesizing cdiG or cdiA in vitro as well, especially in the presence of only one type of substrate (10, 13, 25) . However, these enzymes preferentially make cAG (3′,3′ or 2′,3′, respectively) at equimolar concentrations of NTPs, whereas the ability of HyprA to make cAG is tuned by the relative excess of ATP to GTP under physiological conditions.
One outstanding question is whether Hypr GGDEFs are responsible for cAG signaling only or if the ability of these enzymes to produce all three cyclic dinucleotides could be modulated and exploited by bacteria that use them as endogenous second messengers for distinct signaling pathways. Whereas we currently cannot exclude the latter possibility, the former possibility is more straightforward and consistent with current models for cdiG and cdiA signaling pathways, which are composed of separate sets of enzymes and effectors. In Geobacter, we propose that HyprA (GSU1658) and perhaps GSU1937, which also harbors the D-to-S variation, act as cAG synthases in vivo, and activation of these signaling enzymes turn on genes involved in extracellular electron transfer through cAG-specific riboswitches (Fig. 5) (17) . The discovery of HyprA brings us closer to elucidating a primary signal that regulates this unique metabolic activity, as this enzyme harbors a Rec domain and thus is presumably part of a twocomponent system. In general, further work is needed to elucidate the activation mechanisms for Hypr GGDEFs and to address whether Hypr GGDEFs have promiscuous functions.
Through analysis of sequence determinants for HyprA activity and validation of additional Hypr GGDEFs, we predicted that these enzymes are more broadly distributed than cAG riboswitches, which have been the only identified sensors for cAG to date (Fig. 5) . Hypr GGDEFs appear highly conserved in the bacterial orders Desulfuromonadales (includes Geobacter), Myxococcales, and Bdellovibrionales. Additionally, a number of bacteria in the Acidobacteria and Deferribacter phyla also contain candidate Hypr GGDEFs. Based on our demonstration of endogenous cAG production in wild-type M. xanthus, we expect that cAG signaling also is present in these other bacteria due to Hypr GGDEF activity, although other components remain to be identified. Another Hypr GGDEF that we showed in vitro is capable of producing cAG is Bd0367 from B. bacteriovorus (Fig.  4) . Prior studies highlighted the conundrum for how Bd0367, which was called DgcA, could give rise to a distinct phenotype from the other three GGDEF enzymes, given that the small size of the bacteria "make c-di-GMP spillover unavoidable" (40) . Based on our discovery of Hypr activity, one plausible explanation is that this enzyme is a HyprA and synthesizes a different signal than the other GGDEFs. Interestingly, gliding motility in B. bacteriovorus is associated with type IV pili, whose assembly is predicted to be controlled by cAG riboswitches in Geobacter and that is known to play a role in surface-associated twitching motility in M. xanthus (38) , suggesting a unified connection between cAG and type IV pili-mediated processes.
Following our original hypothesis that components of the cdiG signaling pathway were co-opted for cAG signaling, we predict that variant PilZ domains and potentially other effectors exist in these cAG-producing organisms. Our results reveal that the large abundance and redundancy of GGDEF genes in bacterial genomes have allowed this enzyme family to diverge and evolve toward new synthase activity; the distribution of HD-GYP and EAL phosphodiesterase domains also are expanded in Deltaproteobacteria (9) , and at least one variant HD-GYP domain has been shown to degrade cAG (34) . Besides synthesizing cAG, we also showed that GGDEF domains can make cdiA, an activity that had been speculated (43) , but only now proven. We conceive that larger distortions of the substrate-binding pocket, including in the signature GGDEF motif, could accommodate synthesis of pyrimidine-containing CDNs, which would expand the palette of CDN signaling molecules in nature.
Materials and Methods
Fluorescent Biosensor Screening Assay. Chemically competent E. coli BL21 (DE3) Star cells (Life Technologies) were cotransformed with different combinations of biosensor plasmid (pET31b with GM0970 P1-4delA-Spinach or Dp-Spinach2) and enzyme construct plasmid (pCOLA-Duet1, various enzymes). Single colonies from LB/Carb/Kan plates were picked for overnight starter cultures, which were used to inoculate fresh liquid cultures. Cells were grown aerobically to an OD 600 ∼0.3, then biosensor and enzyme expression was induced with 1 mM IPTG at 37°C for 6 h. A total of 2 μL of each culture was diluted into 60 μL of 1× PBS containing 50 μM 3,5-difluoro-4-hydroxybenzylidine imidazolinone (DFHBI). Cellular fluorescence was measured for at least 10,000 cells using a BD Fortessa ×20 flow cytometer with BD FACSDiva software (version 1.0.0.650) located in the Flow Cytometry Core Facility at the University of California at Berkeley. Flow cytometry data were then analyzed by FlowJo (version 10.0.7).
Cell Extraction of E. coli. Cyclic dinucleotides were extracted as described previously (44) , with slight modifications. For full procedure, see SI Appendix.
Cell Extraction of M. xanthus. The frozen cell pellet was weighed, thawed, resuspended in 2 mL of water and incubated with DNase I (10 mg/mL, Sigma) and lysozyme (10 mg/mL, Sigma) at 37°C with agitation for 6 h to fragment the exopolysaccharide matrix, resulting in a less viscous cell suspension. Cells were lysed and extracted by addition of acetonitrile (4 mL) and methanol (4 mL). After centrifugation for 45 min at 13,855 × g, the supernatant was carefully removed and stored at −20°C. Supernatant was evaporated to dryness by rotary evaporation, and the dried material was suspended in 400 μL ddH 2 O. The extract was filtered through a 3-kDa MWCO Amicon Ultra-4 Protein Concentrator (Millipore) and used immediately or stored at −20°C.
In Vitro Activity Assay of Dinucleotide Cyclases Using Radiolabeled NTPs. In vitro activity assays were performed as previously described by Kranzusch et al., with slight modifications (20) . For full procedure, see SI Appendix.
Additional data and supplementary methods are available in SI Appendix.
